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The apical tuft is the most remote area of the dendritic tree of neocortical pyramidal neurons. Despite its distal location, the apical
dendritic tuft of layer 5 pyramidal neurons receives substantial excitatory synaptic drive and actively processes corticocortical input
during behavior. The properties of the voltage-activated ion channels that regulate synaptic integration in tuft dendrites have, however,
not been thoroughly investigated. Here, we use electrophysiological and optical approaches to examine the subcellular distribution and
function of hyperpolarization-activated cyclic nucleotide-gated nonselective cation (HCN) channels in rat layer 5B pyramidal neurons.
Outside-outpatch recordingsdemonstrated that the amplitude andproperties of ensembleHCNchannel activitywereuniform inpatches
excised fromdistal apical dendritic trunkand tuft sites. Simultaneousapical dendritic tuft and trunkwhole-cell current-clamprecordings
revealed that the pharmacological blockade of HCN channels decreased voltage compartmentalization and enhanced the generation and
spreadof apical dendritic tuft and trunk regenerative activity. Furthermore,multisite two-photonglutamateuncagingdemonstrated that
HCN channels control the amplitude and duration of synaptically evoked regenerative activity in the distal apical dendritic tuft. In
contrast, at proximal apical dendritic trunk and somatic recording sites, the blockade of HCN channels decreased excitability. Dynamic-
clamp experiments revealed that these compartment-specific actions of HCN channels were heavily influenced by the local and distrib-
uted impact of the high density of HCN channels in the distal apical dendritic arbor. The properties and subcellular distribution pattern
of HCN channels are therefore tuned to regulate the interaction between integration compartments in layer 5B pyramidal neurons.
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Introduction
The transformation of synaptic input into action potential out-
put is strongly influenced by the recruitment of voltage-gated ion
channels, which are distributed throughout the neuronal mem-
brane in cell-class- and dendritic-compartment-specific expres-
sion patterns (London and Ha¨usser, 2005; Nusser, 2012). In
many classes of central neurons, dendritic excitatory synaptic
input can lead to the regenerative recruitment of voltage-gated
ion channels, leading to the generation of dendritic spikes (Lon-
don andHa¨usser, 2005). In cortical pyramidal neurons, dendritic
spikes mediated by voltage-gated ion channels and excitatory
synaptic mechanisms have been shown to increase the saliency of
synaptic input on action potential output (Schiller et al., 2000;
Williams and Stuart, 2002; Poirazi et al., 2003; Losonczy and
Magee, 2006; Larkum et al., 2009; Harnett et al., 2013). Recently,
such active dendritic synaptic integration has been shown to im-
plement defined computational operations in physiologically en-
gaged neuronal circuits (Lavzin et al., 2012; Xu et al., 2012; Sivyer
and Williams, 2013; Smith et al., 2013; Palmer et al., 2014). No-
tably, in the apical dendritic tuft of layer 5B pyramidal neurons,
widespread apical dendritic tuft electrogenesis has been found to
underlie the computation of object location in the rodent so-
matosensory neocortex during behavior (Xu et al., 2012; Harnett
et al., 2013). However, little information is available on the prop-
erties and distribution of the voltage-gated ion channels that
shape the integrative operations of the apical dendritic tuft of
neocortical pyramidal neurons.
One class of ion channel likely to regulate apical dendritic tuft
excitability are hyperpolarization-activated cyclic nucleotide-
gated nonselective cation (HCN) channels. Functionally, HCN
channels strongly regulate the membrane potential and resting
conductance of pyramidal neurons to control the integration of
excitatory and inhibitory dendritic synaptic input (Magee, 1998;
Stuart and Spruston, 1998; Magee, 1999; Williams and Stuart,
2000; Berger et al., 2001; Williams and Stuart, 2003; Kole et al.,
2007; Tsay et al., 2007; George et al., 2009). Antibody staining has
shown a highly polarized and dense distribution of HCN chan-
nels in the distal apical dendritic tree of cortical pyramidal neu-
rons (Santoro et al., 1997; Lo¨rincz et al., 2002; Atkinson and
Williams, 2009; Piskorowski et al., 2011), a distribution pattern
confirmed by electrophysiological measurement from the apical
dendritic trunk of pyramidal neurons (Magee, 1998; Williams
and Stuart, 2000; Berger et al., 2001; Kole et al., 2006; Atkinson
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and Williams, 2009). Furthermore, immunogold labeling of
channel isoforms has demonstrated that HCN channels are dis-
tributed at the highest density in the apical dendritic tuft of hip-
pocampal subicular pyramidal neurons (Lo¨rincz et al., 2002).
Consistent with a role for HCN channels in the control of
dendritic tuft excitability, imaging studies have shown that the
genetic deletion or the pharmacological blockade of HCN chan-
nels augments dendritic tuft calcium electrogenesis in CA1 pyra-
midal neurons (Tsay et al., 2007). Notably, the genetic deletion of
HCN channels enhances the engagement of cortical neurons in
network operations by promoting the induction of synaptic plas-
ticity, controlling place and grid cell size, and augmenting seizure
susceptibility (Nolan et al., 2004; Santoro et al., 2010; Giocomo et
al., 2011; Hussaini et al., 2011). Despite the important role that
active dendritic tuft integration plays in neuronal computations
in the neocortical network (Xu et al., 2012; Harnett et al., 2013;
Palmer et al., 2014), the distribution and function of native HCN
channels in the apical dendritic tuft of neocortical pyramidal
neurons has not been investigated. Here, we use direct electro-
physiological recording and optical approaches to describe the
distribution of HCN channels and their functional role in con-
trolling the excitability of the apical dendritic tuft of layer 5B
pyramidal neurons.
Materials andMethods
Coronal brain-slices containing the somatosensory cortices were pre-
pared from 5- to 7-week-old male Wistar rats following University and
Institutional guidelines using methods described previously in detail
(Harnett et al., 2013). Individual slices were placed in a recording cham-
ber perfused with a solution containing the following (inmM): 125NaCl,
25NaHCO3, 1.25NaH2PO4, 3KCl, 2 or 1.3CaCl2, 1.0MgCl2, 25 glucose,
3 Na-pyruvate saturated with 95% O2, 5% CO2 at 35–37°C. Whole-cell
recordings were made from thick-tufted layer 5B pyramidal neurons
with BVC-700A (Dagan) amplifiers in “bridge” mode and the electrode
capacitance carefully compensated. For multisite recordings, standard
wall-filamented glass pipettes (Warner Instruments) had an open
tip resistance of 3–6 M for somatic recordings and 10–12 M for
dendritic recordings when filled with the following (in mM): 135
K-gluconate, 7 NaCl, 10 HEPES, 10 phosphocreatine, 2 Na2-ATP, 0.3
Na-GTP, 2 MgCl2, and 0.01 Alexa Fluor 568 or 594 (Invitrogen), pH
7.3–7.4 with KOH. For imaging experiments, thin walled unfilamented
glass pipettes (VWR) had an open tip resistance of 4–6 M when filled
with the following (in mM): 134 K-gluconate, 6 KCl, 10 HEPES, 4 NaCl,
0.3 Tris2GTP, 4Mg2ATP, 14 phosphocreatine, 0.05 Alexa Fluor 594, and
0.1 Oregon green BAPTA-6F. Two-photon imaging and glutamate un-
caging were performed using a dual-galvanometer-based scanning sys-
tem as described previously (Losonczy and Magee, 2006). Line scans
weremade at highmagnification with dwell times of 8–12s at 150–500
Hz and 3 to 12 line scans were averaged for each condition. Calcium signals
wereexpressedasF/F (%)calculatedas [(FFbaseline)/Fbaseline]100.Data
were collected from dendrites that were at least 30m (and up to 150 m)
below the surface of the slice and were not prematurely cut before termi-
nation. For fast, multisite glutamate uncaging, 10 mM MNI-glutamate
(Tocris Bioscience) was delivered via pressure ejection to the surface of
the slice while focused 720 nm laser light was directed to 10–30 preselected
points near spine heads (0.2 ms dwell time, 0.1 ms move time). All drugs
were dissolved in the extracellular solution and applied by bath perfusion.
4-Ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride
(ZD7288, 10M) was bath applied for a maximum period of 10minutes.
Simulated synaptic potentials were generated using a real-time dy-
namic conductance clamp (SM1; Cambridge Conductance) with a 10–
90% settling time of 290 ns (Harsch andRobinson, 2000;Williams, 2004,
2005). The dynamic conductance clamp emulated a synaptic conduc-
tance, g(t), by the injection of current, I(t), that depends on membrane
potential, V(t), and the reversal potential of the conductance, Erev, ac-
cording to the following equation:
It  gtVt  Erev
The time course of an emulated AMPA conductance was determined by
a double exponential driving function with a rise time constant (rise) of
0.5ms and decay time constant (decay) of 5ms. For all emulated synaptic
conductance changes, Erev was set to 0 mV. The emulated NMDA con-
ductance change exhibited a voltage dependence that mimicked those
observed experimentally (Nowak et al., 1984; Jahr and Stevens, 1990;
Harsch and Robinson, 2000), a process described by the following
equation:
It 
gtVt  Erev
1  K1expK2Vt
Where K1 and K2 are constants that determined the voltage dependence
of the emulated NMDA conductance (Harsch and Robinson, 2000). The
emulated NMDA conductance exhibited a voltage of half-maximal acti-
vation of29mVand a steepness coefficient of16when approximated
by a single Boltzmann function, which was voltage dependent, yielding a
characteristic U-shaped steady-state current–voltage relationship when
injected to a model cell recorded under voltage-clamp conditions (Fig.
1A) These properties ensured that voltage responses produced by a fast
rising (rise 	 0.5 ms), slowly decaying (decay 	 150 ms) simulated
NMDA conductance change at the nexus of the apical dendritic trunk of
layer 5 pyramidal neurons were voltage dependent (Fig. 1B; n	 9, n	 9
slices, n 	 6 animals; recorded in ZD8288 10 M), consistent with pre-
vious analysis of layer 5 to layer 5 unitary EPSPs (Markram et al., 1997;
Wang et al., 2008). In all reported somatic, apical dendritic trunk, and
nexus recordings, dynamic conductance clamp EPSPs (gEPSPs) were
generated using closely spaced (
 10 m) electrodes for independent
current injection and voltage recording, whereas a single electrode (ac-
cess resistance 
30 M) was used at apical dendritic tuft sites. Linear
AMPA and voltage-dependent NMDA conductance changes were gen-
erated independently and the injected current summed. In some exper-
iments, an additional linear leak conductance was generated at the nexus
with a reversal potential set to30 mV or the resting potential recorded
in ZD7288. The voltage threshold of dendritic spike initiation in re-
sponse to steps of ideal current was measured at the steady-state voltage
200 ms after the termination of an isolated dendritic spike (Harnett et
al., 2013). Current and voltage signals were low-pass filtered (dc to 10
kHz) and acquired at 30–50 kHz.
Outside-out patches were excised from apical dendritic sites using
pipettes of similar open tip resistance (10 to 12 M) filled with the
following (in mM): 130 K-gluconate, 7 NaCl, 10 HEPES, 2 Na2-ATP, 0.3
Na-GTP, 2 MgCl2, and 5 ethylene glycol-bis(b-aminoethylether)-
N,N,N,N-tetraacetic acid, pH 7.3–7.4 with KOH. The extracellular so-
lution was supplemented with tetrodotoxin (1 M) and maintained at
room temperature (26–26.5°C) or heated to 35–36°C.When the reversal
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Figure 1. Voltage-dependent properties of the simulated NMDA conductance. A, Steady-
state current–voltage relationship of the NMDA conductance recorded from an isopotential
model cell. The inset shows the conductance-voltage relationship. B, Relationship between
NMDA gEPSP amplitude and holding potential recorded from the nexus of the apical dendritic
trunk of layer 5B pyramidal neurons. The inset shows average NMDA gEPSPs recorded at the
indicated holding potentials. Pooled data are shown as mean SEM.
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potential of ensemble HCN channel activity was investigated the extra-
cellular solution included the voltage-gated potassium (KV) channel
blocker quinidine (25M) (Harnett et al., 2013). EnsembleHCNchannel
activity was recorded using a Multi-Clamp 700 amplifier (Molecular
Devices), electrode capacitance was compensated, and currents were
low-pass filtered (dc to 5 kHz). To map channel density, ensemble HCN
channel activity was generated in response to a100 mV (1 s) test step
interleaved by the repetition of 5 1/10 scaled voltage pulses for online or
offline leak subtraction from an intrapipette holding potential of 40
mV.Measurements were made from digital averages of20 consecutive
trials. After gathering ensemble channel data, a whole-cell recording was
obtained at the same apical dendritic site and the neuron was dialyzed
with Alexa Fluor 568 or 594 to record morphology.
Results
HCN channel distribution in the apical dendritic tuft
The subcellular distribution of native HCN channels has been
examined using cell-attached recording techniques from large-
diameter trunk dendrites of several neuronal classes (Magee,
1998; Williams and Stuart, 2000; Berger et al., 2001; Kole et al.,
2006; Angelo et al., 2007). We have previously observed that the
properties of ensemble HCN channel activity recorded in cell-
attached patches are subject to severe distortion because of the
generation of trans-membrane voltage changes, a problem that is
exaggerated in recordingsmade fromneurons and neuronal pro-
cesses with high apparent input resistance (Williams andWozny,
2011). Because the apparent input resistance is recording-site
dependent in neocortical pyramidal neurons (Harnett et al.,
2013), we used cell-free patch-clamp recording techniques to ex-
amine the distribution of HCN channels. Ensemble channel ac-
tivity was recorded in outside-out patches excised from distal
apical dendritic sites of layer 5B pyramidal neurons of the rat
somatosensory neocortex under visual guidance (Fig. 2). For
patches excised from the base of the apical dendritic tuft, referred
to as the nexus of the apical dendritic trunk, a negative voltage test
step (100 mV, 1 s; from an intrapipette holding voltage of40
mV) generated a slowly activating, non-inactivating inward cur-
rent, with an average steady-state amplitude of 28.0  1.9 pA
(n	 30 patches, n	 24 cells, n	 11 animals). A similar pattern
of activity was recorded from patches excised from apical den-
dritic tuft branches up to 231 m from the nexus, with pooled
data showing a uniform steady-state amplitude across the tuft
(Fig. 2A,B; steady-state amplitude 	 28.0  1.4 pA; slope of
linear regression 	 3.4 pA/100 m; n 	 61 patches, n 	 50
cells, n	 13 animals). When the HCN channel blocker ZD7288
10 M (Harris and Constanti, 1995; Williams and Stuart, 2000;
Kole et al., 2006) was added to the bath solution, the amplitude of
ensemble channel activity evoked by the100 mV test step was
significantly reduced, indicating that the slow inward current is
mediated byHCN channels (data not shown; control	28.9
5.8 pA; ZD7288 	 2.8  1.2 pA; n 	 7, n 	 7 slices, n 	 6
animals; paired t test: T	 4.479; p	 0.0042).
The activation properties of tuft HCN channels were voltage
dependent. In response to an incremental series of negative volt-
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Figure 2. Properties and distribution of HCN channels in the apical dendritic tuft. A, Averaged leak subtracted ensemble HCN channel activity recorded in outside-out patches excised from the
indicated primary and secondary apical dendritic tuft sites (distance measured from the nexus of the apical dendritic trunk). The red lines represent single exponential fits to the activation of
ensembleHCN channel activity. The lower trace shows the voltage test step.B, Steady-state amplitude of HCN channel activity recorded frompatches excised from the nexus (open symbol,mean
SEM, n	 30) and apical dendritic tuft sites (filled symbols). The continuous line represents the results of linear regression analysis of apical dendritic tuft data. C, A family of ensemble HCN channel
currents recorded from a patch excised 159m from the nexus generated in response to an incremental series of negative voltage steps (lower overlain traces). The red lines represent single
exponential fits to the activation of ensemble HCN channel activity. D, Activation curve of ensemble HCN channel activity measured from tail currents. The red continuous line represents a single
Boltzmann function fit to the data. The black line represents a single Boltzmann function fit to data obtained at physiological temperatures. E. Voltage dependence of the kinetics of activation (filled
symbols) and deactivation (open symbols) of ensemble HCN channel activity. The gray symbols show the activation kinetics at physiological temperature. Continuous lines represent fits to the data
by single exponential functions. F, Reversal potential of HCN tail currents. Datawere fit by a second-order polynomial function (continuous line). The drop lines show the reversal potential. The inset
shows the voltage dependence of tail currents in a tuft patch excised 220mfrom thenexus.G, Temperature dependence of the steady-state amplitude and activation kinetics of ensemble channel
activity evoked in response to the indicated voltage steps at room and physiological temperatures. H, Coexpression of HCN and voltage-activated potassium channels in patches excised from the
apical dendritic tuft. The inwardHCNcurrentwasmeasured just before the terminationof anegative voltage step, and theoutwardpotassiumcurrent at peakamplitude. The line is the result of linear
regression analysis. The inset shows a representative sequence of ensemble HCN and potassium channel activity in a patch excised 179m from the nexus. Pooled data are shown asmean SEM.
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age steps, the amplitude of ensemble channel activity increased
and the activation time course accelerated with membrane hy-
perpolarization (Fig. 2C). Analysis of tail currents revealed a sig-
moidal activation curve, which could be fit with a single
Boltzmann function with a voltage of half-maximal activation of
100.6  1.9 mV and a steepness coefficient of 6.4  0.3 (Fig.
2D; n	 11 patches, n	 11 cells, n	 8 animals). The time course
of ensemble HCN activation could be well approximated by a
single exponential process throughout the activation voltage
range, which sped from 247 34 ms at90 mV to 25 2 ms at
140 mV (Fig. 2E). Similarly, the time course of HCN channel
deactivation was voltage dependent, accelerating from 206 56
ms at 90 mV to 22  3 ms at 40 mV (Fig. 2E). Thus the
voltage-dependent properties ofHCNchannels in the apical den-
dritic tuft are similar to those previously reported from more
proximal dendritic sites in layer 5B pyramidal neurons (Williams
and Stuart, 2000; Berger et al., 2001; Kole et al., 2006; Kole et al.,
2007; Atkinson and Williams, 2009).
Excised patch recordings allowed determination of the rever-
sal potential and the temperature dependence of HCN channel
gating. Analysis of tail currents revealed that the reversal potential
of ensemble HCN channel activity was30.7 1.6 mV (Fig. 2F;
n	 8 patches, n	 8 slices, n	 6 animals). The activation prop-
erties of HCN channels were highly temperature dependent (Fig.
2E,G). In each patch tested, the steady-state amplitude of ensem-
ble HCN channel activity increased (Fig. 2G; 26.1 0.3°C:100
mV test step	23.3 3.1 pA; 35.9 0.1°C	48.3 6.9 pA;
n	 7; paired t test: T	 4.873; p	 0.0028) and the activation time
constant accelerated with increasing temperature (Fig. 2G;
26.1 0.3°C:100mV test step	 23.6 1.3ms, 35.9 0.1°C	
11.3 1.5ms; n	 7; paired t test: T	 12.21; p
 0.0001). Pooled
data revealed that these effects were unrelated to changes in the
voltage dependence of ensemble HCN channel activation (Fig.
2D, black line). The steady-state amplitude of ensemble HCN
channel activity therefore increases with a Q10 of 2.2, a value
considerably greater than the Q10 of 1.2–1.5 determined for
conductance of other classes of voltage-gated channels (Hodgkin
et al., 1952; Beam and Donaldson, 1983; Milburn et al., 1995), a
disparity that may reflect the unique structure of HCN channels
(Zagotta et al., 2003) and/or the cooperativity of channel activa-
tion (Dekker and Yellen, 2006). Together, these data reveal a
uniform HCN conductance throughout the apical dendritic tuft
of layer 5B pyramidal neurons, with an average density of 56.5
2.7 pSm2 at tuft sites and 56.6 3.9 pSm2 at the nexus of
the apical dendritic trunk (calculated assuming a patch area of 4.5
m2 (Engel and Jonas, 2005) and an experimentally determined
reversal potential of30mV). Based on previous estimates of the
single channel conductance of HCN channels (Kole et al., 2006),
we conservatively estimate that a uniform density of 85 HCN
channelsm2 are expressed throughout the apical dendritic tuft.
We next investigatedwhether apical dendritic tuftHCNchan-
nels are coexpressed with other classes of voltage-gated channels.
In each patch, we examined both HCN and KV channels, activat-
ing HCN channels in response to negative intrapipette voltage
steps (40 mV, 500 ms from an intrapipette holding voltage of
60mV), andKV channels in response to positive steps (100mV,
400 ms from an intrapipette holding voltage of 60 mV; Fig.
2H). Pooled data showed a steep linear correlation between the
steady-state amplitude of ensembleHCNchannel activity and the
peak amplitude of KV channel activity (Fig. 2H; correlation coef-
ficient	 0.82; uncorrelated probability
0.0001; n	 43 patches,
n	 36 cells, n	 15 animals). The average amplitude of ensemble
KV channel activity (peak	 57.1 4.2 pA; steady-state	 11.1
0.8 pA; n	 43) were not significantly different from those previ-
ously recorded in the presence of ZD7288 (Harnett et al., 2013),
suggesting that, under our recording conditions, ZD7288 does
not block KV channels. HCN channels are therefore colocalized,
at micrometer resolution, with KV channels, which have been
shown recently to functionally regulate the excitability of the api-
cal dendritic tuft of layer 5B pyramidal neurons (Harnett et al.,
2013).
HCN channels regulate tuft excitability
To investigate the functional role of HCN channels in the den-
dritic tuft, simultaneous whole-cell current-clamp recordings
were made from the nexus of the apical dendritic trunk and tuft
sites (Fig. 3; n	 38, n	 38 slices, n	 21 animals). Under control
conditions, voltage responses evoked by the injection of small-
amplitude positive and negative current steps (200 pA, 600 ms
duration) at tuft sites or the nexus were dominated by time-
dependent rectification, characterized by a depolarizing sag po-
tential during the course of negative voltage responses and a
transient depolarizing potential at the onset of positive voltage
responses (Fig. 3A,C). Simultaneous recording revealed the dec-
remental distance-dependent impact of voltage responses gener-
ated by positive andnegative current steps injected at increasingly
remote apical dendritic tuft sites as they spread from the tuft site
of generation to the nexus (Fig. 3A,B). This mirrored the atten-
uation pattern when current steps were injected at the nexus (Fig.
3C,D). The bath application of ZD7288 (10 M) hyperpolarized
the resting membrane potential at tuft and nexus recording sites
(control: tuft 	 59.3  0.5 mV, nexus 	 59.0  0.5 mV;
ZD7288: tuft 	 77.4  0.6 mV, nexus 	 77.4  0.6 mV).
When the membrane potential was restored by tonic current
injection through each of the recording electrodes, the steady-
state amplitude of voltage responses at the tuft site of generation
was increased, time-dependent rectification was removed, and
the amplitude of voltage responses that spread to the nexus re-
cording site increased dramatically (Fig. 3A,B; tuft 	 60.3 
0.5mV, holding current	 0.14 0.03 nA; nexus	60.2 0.4
mV, holding current	 0.29 0.03 nA). Analogous results were
obtained when voltage responses were generated at the apical
dendritic nexus and independently recorded from the tuft (Fig.
3C,D). Pooled data revealed that ZD7288 significantly increased
the voltage transfer between recording sites (Fig. 3E; tuft to nexus:
control	 0.46 0.04; ZD7288	 0.63 0.02;Wilcoxon signed-
rank test: p 
 0.0001; nexus to tuft: control 	 0.60  0.03;
ZD7288	 0.83 0.02; Wilcoxon signed-rank test: p
 0.0001)
and the steady-state apparent input resistance at each site (Fig.
3F;200 pA tuft: control	 18.0 1.2 M; ZD 7288	 57.5
2.3 M; paired t test: T 	 23.3; p 
 0.0001; 200 pA nexus:
control 	 12.8  0.7 M; ZD 7288 	 45.7  2.0 M; paired t
test: T 	 19.9; p 
 0.0001). Furthermore, the blockade of HCN
channels increased the peak amplitude and prolonged the time
course of voltage responses evoked by the injection of EPSC-
shaped ideal current waveforms at the tuft site of generation and
after their spread to the nexus, abolishing the normalization of
the time course of tuft-generated voltage responses (data not
shown; electrode separation	 116 7 m; EPSC amplitude	
200 pA; rise 	 0.5 ms, decay 	 5 ms, voltage responses: control
tuft amplitude 	 4.72  0.25 mV, ZD7288 	 6.05  0.29 mV;
control tuft time course at half amplitude 	 7.53  0.09 ms,
ZD7288	 11.0 0.20 ms; control amplitude at nexus	 2.23
0.12 mV, ZD7288	 3.06 0.12 mV; control nexus time course
at half amplitude 	 8.15  0.12 ms, slope 	 0.5 ms/100 m,
ZD7288 	 13.57  0.20 ms; slope 	 1.6 ms/100 m; all values
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significantly different at p
 0.0001, T	 6.0–27.4, paired t-test;
n 	 32; n 	 32 slices, n 	 19 animals). Together, these data
indicate that HCN channels substantially control the local ampli-
tude of tuft voltage responses and their impact at the nexus.
To determine the influence of HCN channels on the electrical
excitability of the apical dendritic tuft, we generated voltage re-
sponses by injecting steps of positive current at tuft sites 100
m from the nexus (Fig. 3G; distance 	 140  8 m; current
step 	 0.45  0.03 nA; n 	 15, n 	 15 slices, n 	 10 animals).
Under control conditions, positive current steps generated sub-
threshold tuft voltage responses crowned by a small amplitude
transient depolarizing potential. However, when HCN channels
were blocked and the membrane potential restored to control
values, the same positive current steps reliably generated local
apical dendritic tuft spikes with a voltage threshold of 31.1 
1.6 mV, which decrementally spread to the nexus (Fig. 3G,H,
holding current: tuft 	 0.16  0.02 nA; nexus 	 0.30  0.05).
These data indicate thatHCNchannels regulate the excitability of
the apical dendritic tuft through the control of resting conduc-
tance, but do not fully address the physiological role played by
HCN channels because the control of themembrane potential by
HCN channels was compensated for (George et al., 2009). To
address this directly, we investigated the control of the local am-
plitude and distance-dependent spread of simulated excitatory
synaptic input by HCN channels.
In a passive isopotential system, the introduction of a non-
inactivating excitatory conductance, such as that mediated by
HCN channels (reversal potential 30 mV; Fig. 2F), will have
excitatory actions atmembrane potentials negative to the reversal
potential of the conductance (George et al., 2009; Migliore and
Migliore, 2012). Previous work suggests that the peak level of
depolarization obtained by dendritic EPSPs will decrease when
the HCN conductance is blocked unless EPSPs interact with
other conductances (George et al., 2009; Migliore and Migliore,
2012). To test this relationship directly in the apical dendritic tuft
of layer 5B pyramidal neurons, we used dynamic conductance
clamp techniques to generate simulated EPSPs (referred to as
gEPSPs) at determined apical dendritic tuft sites. We first analyzed
the response to a simulated linear AMPA receptor-mediated excit-
atory postsynaptic conductance (EPSG; distance from nexus 	
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105  12 m; n 	 12, n 	 12 slices, n 	 9 animals). Under
control conditions, the peak voltage obtained in response to a
series of increasing amplitude AMPA EPSGs injected at tuft sites
was nonlinearly related to the input conductance, reaching a pla-
teau as the local voltage approached the reversal potential (Fig.
4A,B). Simultaneous recording from the nexus revealed that
voltage attenuation ensured that the gEPSPs were considerably di-
minished as they spread from the tuft to the nexus (Fig. 4A,B).
BlockadeofHCNchannelswithZD7288(10M)causedmembrane
potential hyperpolarization, yet large amplitude gEPSPs reached, on
average, a similar local peak membrane potential at the tuft site of
generation because recordings from distal tuft sites revealed that
gEPSPs generated in ZD7288 evoked apical dendritic tuft spikes,
which boosted their local amplitude (Fig. 4A,B). At the nexus, how-
ever, membrane hyperpolarization ensured that gEPSPs failed to
reach the absolute peak voltage achieved under control throughout
the input–output relationship (Fig. 4A,B).
Previous work has demonstrated the significant contribution
of NMDA receptors to the generation of EPSPs in cortical pyra-
midal neurons (Schiller et al., 2000; Losonczy and Magee, 2006;
Wang et al., 2008; Larkum et al., 2009; Branco et al., 2010), re-
vealing excitatory synaptic input with a high NMDA to AMPA
ratio at apical dendritic tuft and terminal dendritic sites (Otmak-
hova et al., 2002; Branco et al., 2010; Bittner et al., 2012). We
therefore generated gEPSPs by the coactivation of simulated
AMPA and voltage-dependent NMDA-receptor-mediated con-
ductance changes (Fig. 4C; NMDA: rise 	 0.5 ms, decay 	 150
ms; see Fig. 1 for details of voltage dependence; NMDA to AMPA
ratio 	 1:1). When tuft gEPSPs were generated by AMPA and
NMDA EPSGs, the blockade of HCN channels had pro-
nounced excitatory effects; gEPSPs now recruited local apical
dendritic tuft electrogenesis, which significantly boosted the
peak membrane potential achieved at the site of generation
and as signals spread to the nexus of the apical dendritic trunk,
despite the large ZD7288-mediated hyperpolarization of the
membrane (Fig. 4C,D). A similar excitatory action of ZD7288
was observed when the balance between NMDA and AMPA
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conductance changes was reduced to a ratio of 0.5:1 (data not
shown; n 	 12).
To investigate the control of synaptic integration by HCN
channels at very distal apical dendritic tuft sites, which are not
permissive to direct electrical recording, we used multisite two-
photon glutamate uncaging and calcium imaging techniques
(Fig. 5; Oregon green BAPTA-6F, 100 M delivered via a nexus
whole-cell recording electrode) (Harnett et al., 2013). Fast focal
uncaging of MNI-glutamate to the heads of groups of dendritic
spines evoked EPSPs (uEPSPs) recorded at the nexus of the apical
dendritic trunk (Fig. 5A,B; 0.2ms dwell time, 0.1msmove time).
Input–output relationships, constructed by activating increasing
numbers of dendritic spines, revealed the generation of a power-
ful local excitatory synaptic nonlinearity (Fig. 5B,C), mediated
by NMDA receptors (Larkum et al., 2009; Harnett et al., 2013).
When a threshold number of dendritic spines were activated, a
large amplitude local apical dendritic tuft branch Oregon green
BAPTA-6F signal was generated that increased the amplitude and
transformed the time course of uEPSPs recorded from the nexus
(Fig. 5B–E). To explore the constraint that HCN channels impose
on this form of integration, HCN channels were blocked with
ZD7288 (10M) and the input–output relationship reexamined.
The pronounced hyperpolarization of the apical dendritic nexus
membrane potential produced by blocking HCN channels (con-
trol 	 57.8  0.4 mV, ZD7288 	 79.5  0.5 mV; n 	 8
neurons, n 	 8 slices, n 	 6 animals) was accompanied by a
significant increase in the amplitude and area of suprathreshold
uEPSPs (Fig. 5B,C,E; peak amplitude: control 	 6.1  1.4 mV,
ZD7288 	 13.91  2.2 mV, paired t-test T 	 5.65, p 	 0.0013;
area: control	 0.094 0.023 ms, ZD7288	 0.386 0.058 ms,
paired t-test T	 7.002, p	 0.0004). In contrast to results obtained
by the generation of gEPSPs at relatively proximal apical dendritic
tuft sites (Fig. 4C,D), the apical dendritic nexus recorded absolute
voltage of suprathreshold uEPSPs generated at remote tuft sites
were hyperpolarized relative to control conditions and conse-
quently failed to recruit apical dendritic trunk spikes (control	
51.7  1.2 mV. ZD7288 	 65.1  2.2 mV; site of uncaging
276 32 m from the nexus recording site; n	 8 neurons, n	
8 slices, n 	 6 animals). Simultaneous apical dendritic branch
calcium imaging, however, revealed that ZD7288 significantly
increased the size of dendritic branch Oregon green BAPTA-6F
signals imaged close to the site of activated spines (Fig. 5B,D;
control	 122 16% F/F, ZD7288	 163 21% F/F, paired
t-test T 	 6.39, p 	 0.0007; n 	 8 neurons, n 	 8 slices, n 	 6
animals). These actions were unaccompanied by a significant
change in the number of activated spines required to initiate
NMDA-receptor-mediated synaptic nonlinearities (Fig. 5B,F).
Repolarization of the nexus membrane by the injection of tonic-
positive current through the recording electrode did not alter the
number of activated spines required to generate apical dendritic
tuft synaptic nonlinearities (Fig. 5B,F; ZD7288  DC: mem-
brane potential 	 59.2  0.3 mV). Notably, repolarization of
the nexus membrane potential did not further increase the am-
plitude of dendritic tuft branch calcium signals (ZD7288DC	
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151  19% F/F, paired t-test vs ZD 7288, T 	 0.05721, p 	
0.9562; n 	 8 neurons, n 	 8 slices, n 	 6 animals), but did
modestly increase the amplitude of nexus recorded suprathresh-
old uEPSPs (amplitude 	 16.1  3.0 mV, paired t-test vs
ZD7288, T	 2.545, p	 0.0438). Compared with control condi-
tions, however, the absolute nexus voltage achieved by suprath-
reshold uEPSPs was substantially enhanced when HCN channels
were blocked and the nexus membrane potential repolarized
(uEPSP absolute peak voltage	43.0 2.9 mV, paired t test vs
control, T	 3.811, p	 0.0066, n	 8 neurons, n	 8 slices, n	
6 animals). Therefore, HCN channels control the amplitude of
distal apical dendritic tuft calcium signaling evoked by excitatory
synaptic nonlinearities, but do not influence the number of acti-
vated apical dendritic tuft spines required for their generation.
Furthermore, HCN channels regulated the amplitude and time
course of suprathreshold-tuft-generated uEPSPs recorded re-
motely from the nexus of the apical dendritic trunk, It should be
noted, however, that the blockade ofHCN channels did not allow
the regenerative propagation of synaptically evoked distal apical
dendritic tuft electrogenesis to the nexus.
Subcellular control of neuronal excitability
To determine whether HCN channels uniformly control the ex-
citability of layer 5B pyramidal neurons, we made simultaneous
whole-cell recordings from the soma, the proximal apical den-
dritic trunk, or the nexus and examined the impact that HCN
channels have on the input–output relationship generated at
each site (Fig. 6). At the soma, the blockade of HCN channels led
to a hyperpolarization of the membrane potential and increased
the threshold synaptic conductance required to generate action
potential firing (Fig. 6A,B; n	 6, n	 6 slices, n	 5 animals). At
proximal apical dendritic trunk recording sites, the membrane
hyperpolarization produced by ZD7288 ensured that gEPSPs
failed to reach the threshold for action potential generation (Fig.
6C,D; distance from soma	 365 44m; n	 10; n	 10 slices;
n 	 6 animals). In contrast, at the nexus of the apical dendritic
trunk, the membrane hyperpolarization elicited by blocking
HCN channels reduced the peak voltage achieved by gEPSPs
evoked by isolated AMPA conductance changes across a broad
EPSG range, but revealed the powerful generation of dendritic
trunk spikes when gEPSPs were mediated by AMPA and NMDA
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EPSGs (Fig. 6E,F; distance from soma	 750 16 m; n	 16,
n	 16 slices, n	 10 animals). In the presence of ZD7288, AMPA
and NMDA EPSGs generated dendritic spikes when the kinetics
of theNMDA conductance were varied across a broad range (rise
from 0.5 to 5ms; decay from 50 to 150ms; data not shown; n	 8,
n	 8 slices, n	 5 animals). Furthermore, it should be noted that,
under control conditions, dual apical dendritic nexus recordings
revealed that apical dendritic trunk spikes could be evoked in
response to the injection of positive ideal current steps with a
voltage threshold of 34.3  0.5 mV, but not by AMPA and
NMDA EPSGs, despite gEPSPs reaching a peak voltage of
11.5 0.6mV (n	 39,n	 39 slices,n	 21 animals).Dynamic
conductance-clamp experiments, therefore, suggest that HCN
channels exert excitatory actions at somatic and proximal den-
dritic trunk sites, but inhibitory actions in the distal apical den-
dritic arbor (nexus and apical dendritic tuft) when the simulated
excitatory input is composed of AMPA- and NMDA-receptor-
mediated components.
In CA1 pyramidal neurons, somatic recording and apical den-
dritic tuft two-photon calcium imaging has demonstrated that
the acute pharmacological blockade or the genetic reduction of
HCN channels augments the amplitude and time course of syn-
aptically evoked apical dendritic tuft electrogenesis (Tsay et al.,
2007). In CA1 pyramidal neurons, this enhancement has been
suggested to be mediated by HCN channel control of the den-
driticmembrane potential because the augmentation of dendritic
tuft electrogenesis could be offset by membrane depolarization
provided by raised extracellular potassium (Tsay et al., 2007). To
determine directly whether HCN channels control distal den-
dritic integration in layer 5B pyramidal neurons through a simi-
lar voltage-dependent action, we generated families of gEPSPS at
the nexus of the apical dendritic trunk under control conditions,
in ZD7288, and after the repolarization of the local dendritic
membrane potential by the injection of tonicDC current through
one of the dendritic recording electrodes (Fig. 7A; nexus NMDA:
AMPA ratio 	 1:1; injected current 	 0.51  0.02 nA; distance
from soma	 775 15 m; n	 24 slices, n	 11 animals). The
enhancement of apical dendritic spike generation produced by
blockingHCNchannels was not annulled by the repolarization of
the dendritic membrane potential, but was augmented, decreas-
ing the EPSG required to initiate dendritic trunk spikes (Fig.
7A,B, red traces). Similar results were obtained when gEPSPs
were generated at apical dendritic tuft sites, where DC repolar-
ization of themembrane potential at the apical dendritic tuft and
nexus recording sites enhanced both local tuft dendritic spike
generation and the recruitment of apical dendritic trunk spikes
(data not shown, n	 10). Therefore, in layer 5B pyramidal neu-
rons, HCN channels do not control distal apical dendritic excit-
ability simply by maintaining a depolarized resting membrane
potential.
We therefore investigated whether other facets of the high
density of HCN channels in the distal apical dendritic compart-
ment of layer 5B pyramidal neurons (Fig. 2) contribute to the
control of dendritic spike generation. To examine the impact of
conductance, we enhanced the resting conductance at the nexus
of the apical dendritic trunk by introducing an excitatory leak
conductance using dynamic-clamp techniques, with a reversal
potential set to the reversal potential of ensemble HCN channel
activity (reversal potential 	 30 mV; g 	 19.6  0.8 nS; n 	
24). The point conductance source lacked the voltage-dependent
kinetics of ensemble HCN channel activation/deactivation, but
its introduction in the presence of ZD7288 replicated the actions
of HCN channels on the control of membrane potential and
apparent input resistance at the nexus site of generation (control:
RMP 	 57.1  0.7 mV; peak apparent input resistance 	
24.3 0.7 M; ZD7288 leak conductance: RMP	56.3
0.7 mV; peak apparent input resistance	 24.9 1.6 M). No-
tably, when the nexusmembrane potential was repolarized by the
excitatory leak conductance, the recruitment of apical dendritic
spikes in response to AMPA and NMDA gEPSPs was abolished,
mirroring the actions of HCN channels (Fig. 7A,B, green traces).
To dissociate the effects of this conductance from its influence on
the membrane potential, the reversal potential of the conduc-
tance was set to the resting membrane potential in ZD7288, a
procedure that further reduced the peak level of depolarization
achieved by gEPSPs (Fig. 7B; reversal potential 	 80.2  0.5
mV, n	 13, n	 13 slices, n	 5 animals). These data suggest that
the high density of HCN channels at distal apical dendritic sites
supply an excitatory conductance, which acts to depolarize the
membrane potential but inhibit apical dendritic tuft and nexus
dendritic spike generation, a finding that provides an explanation
for the site-dependent excitatory and inhibitory actions of HCN
channels in the dendritic arbor of layer 5B pyramidal neurons.
Because HCN channels are expressed at high density in the
distal apical dendritic arbor (Fig. 2) but at low density at somatic
and proximal apical dendritic trunk sites of layer 5B pyramidal
neurons (Williams and Stuart, 2000; Berger et al., 2001; Kole et
al., 2006; Kole et al., 2007; Atkinson and Williams, 2009), we
reasoned that inhibitory actions in the distal apical dendritic tree
are dominated by the local actions of the HCN conductance, but
excitatory actions at proximal sites are influenced by the impact
that distal HCN channels have on membrane potential. To test
this idea, we investigated the control of proximal apical dendritic
excitability by manipulating the membrane potential at distal
apical dendritic sites, repolarizing the nexusmembrane potential
in ZD7288 either by the injection of tonic DC current or by the
generation of an excitatory leak conductance.Under control con-
ditions, a family of EPSC-shaped current waveforms generated at
proximal apical dendritic trunk sites evoked action potential fir-
ing (Fig. 7C,D; proximal trunk distance from soma 	 426  28
m; nexus distance from soma 	 752  34 m; n 	 6; n 	 6
slices; n 	 4 animals). When HCN channels were blocked by
ZD7288, pronouncedmembrane hyperpolarization ensured that
EPSC-shaped current waveforms failed to evoke neuronal output
in a manner similar to the HCN channel control of proximal
apical dendritic trunk AMPA and NMDA EPSGs (Fig. 6C,D).
When the membrane potential of the apical dendritic nexus was
repolarized to control values by tonic DC current injection or by
an excitatory leak conductance, the membrane potential at prox-
imal apical dendritic sites was repolarized and action potential
firing evoked by EPSC-shaped current waveforms was restored
(Fig. 7C,D). The generation of an excitatory leak conductance in
the distal apical dendritic compartment of layer 5B pyramidal
neurons, therefore, has dual actions, inhibiting local distal apical
dendritic spike generation and augmenting proximal apical den-
dritic excitability in a manner similar to that of HCN channels.
Consistent with the inhibitory control of distal apical dendritic
excitability by HCN channels, two-photon calcium imaging re-
vealed thatHCNchannels constrainednexus-current-evokedapical
dendritic trunk spike invasion of the apical dendritic tuft (Fig.
8A,B). Under control conditions, dendritic trunk spikes failed to
evoke measurable Oregon green BAPTA-6F signals (15  2%
F/F) at distal apical dendritic tuft sites (Fig. 8A,B; imaged at
271 21mfrom the nexus; n	 9 branches, n	 7 neurons, n	
7 slices, n 	 5 animals). In ZD7288 (10 M), however, apical
dendritic trunk spikes powerfully drove large amplitude den-
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dritic tuft calcium signals (122 10%F/F), consistent with the
robust invasion of the apical dendritic tuft (Fig. 8A,B, blue
traces), a pattern of invasion that was not further enhanced by
repolarizing of the nexus membrane (Fig. 8B; 134 10% F/F).
Simultaneous recordings from the apical dendritic trunk nexus
and tuft sites revealed that the pharmacological blockade ofHCN
channels significantly decreased the rheobase ideal current re-
quired to generate apical dendritic trunk spikes, despite dramatic
membrane hyperpolarization (Fig. 8C; dual nexus recording:
nexus membrane potential: control 	 58.3  1.1 mV;
ZD7288	79.1 1.6 mV; ZD7288DC	58.7 0.9 mV;
rheobase: control	 0.97 0.08 nA; ZD7288	 0.84 0.08 nA;
ZD7288DCholding current	 0.45 0.04 nA, step current	
0.40  0.04 nA, total current 	 0.85  0.08 nA; control and
ZD7288 conditions significantly different ANOVA with Tukey’s
posttest: q 	 7.63; p 
 0.001; n 	 10) and increased the peak
amplitude and integral of apical dendritic trunk spikes as they
spread into the apical dendritic tuft (Fig. 8D,E; average distance
fromnexus	 112 13m; control	 62.3 3.3mV,ZD7288
DC 	 75.1  0.8 mV; paired t-test, T 	 3.34, p 	 0.011; n 	 9
neurons, n 	 9 slices, n 	 6 animals). HCN channels therefore
have an inhibitory impact in the distal apical dendritic compart-
ment of layer 5B pyramidal neurons by controlling the ability of
excitatory input to generate dendritic trunk and tuft electrogen-
esis and constraining the spread of subthreshold and suprath-
reshold voltage responses through the apical dendritic tuft.
BecauseHCN channels are colocalized withKV channels at apical
dendritic tuft sites (Fig. 2H), we investigated whether the excit-
ability of the apical dendritic tuft is coregulated by these channel
classes. After ZD7288 exposure and membrane repolarization,
the application of the broad-spectrum KV channel blocker quin-
idine (25 M) (Harnett et al., 2013) resulted in a prolongation of
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the time course of dendritic trunk spikes
and a dramatic increase of the voltage in-
tegral of these events as they spread into
the apical dendritic tuft (Fig. 8D,E).
Therefore, when HCN channels are
blocked, KV channels predominately
function to regulate the time course of re-
generative activity in the distal apical den-
dritic arbor of layer 5B pyramidal
neurons, consistent with a role in control-
ling the interaction between integration
compartments (Harnett et al., 2013).
Discussion
This study provides the first description of
the properties, distribution, and func-
tional impact of native HCN channels in
the apical dendritic tuft of neocortical py-
ramidal neurons. A uniform distribution
of85HCNchannelsm2was estimated
throughout the tuft, a density similar to that
observed from the nexus of the apical den-
dritic trunk. Because the density of HCN
channels in excised patches reported here
is similar to that estimated from cell-
attached patch-clamp recordings from
the distal apical dendritic trunk of layer 5B
pyramidal neurons when correction for
permeability is made (Kole et al., 2007),
we conclude that the density of HCN
channels dramatically increases in the api-
cal dendritic trunk with distance from the
soma (Williams and Stuart, 2000; Berger
et al., 2001; Kole et al., 2006; Kole et al.,
2007; Atkinson and Williams, 2009), but
plateaus in the apical dendritic tuft. These
results contrast with those obtained by an-
tibody labeling ofHCN channel subunits in
hippocampus, where an increased HCN
channel density in the apical dendritic tuft
of CA1 pyramidal neurons was observed (Lo¨rincz et al., 2002;
Piskorowski et al., 2011). Our data are, however, supported by
recent analysis of the distribution of HCN channels in cell-
attached patches recorded from the tuft of CA1 pyramidal neu-
rons (Bittner et al., 2012). Disparity between HCN channel
density measurements with anatomical and electrophysiological
techniques may arise because of the sampling of a smaller mem-
brane area when patches are excised from the thin dendritic
branches of the tuft. Simultaneous whole-cell current-clamp re-
cordings from the apical dendritic tuft and nexus, however, re-
vealed a uniform resting membrane potential, compatible with the
plateau of HCN channel density, in contrast to the distance-
dependent depolarization of the membrane between soma and dis-
tal apical dendritic trunk sites, which parallels HCN channel
expression (Williams andStuart, 2000; Berger et al., 2001;Kole et al.,
2006).
Functional role of HCN channels in the distal apical
dendritic arbor
Simultaneous recording from the apical dendritic tuft and the
nexus revealed that HCN channels have a prominent inhibitory
role in the distal apical dendritic tree of layer 5B pyramidal neu-
rons. When HCN channels were blocked, the tuft membrane
hyperpolarized, but apparent input resistance and distance-
dependent voltage transfer increased, allowing steps of positive
current and gEPSPs to drive local dendritic tuft spikes and recruit
apical dendritic trunk electrogenesis. Furthermore, HCN chan-
nels constrained the amplitude of apical dendritic tuft branch
calcium signaling evoked by suprathreshold two-photon gluta-
mate uncaging and regulated the impact of distal apical dendritic
tuft NMDA-receptor-mediated synaptic nonlinearities recorded
remotely from the nexus of the apical dendritic trunk. In contrast
to the delivery of excitatory synaptic input at more proximal
apical dendritic tuft sites, synaptically evoked distal apical den-
dritic tuft electrogenesis did not forward propagate to the nexus
to drive apical dendritic spike generation when HCN channels
were blocked. Our recordings indicate that HCN channels do not
control the threshold number of activated dendritic tuft spines
required to generate these synaptic nonlinearities.
The generation of NMDA-receptor-mediated synaptic nonlin-
earities in the dendritic arbor is reliant on the voltage-dependent
properties of theNMDA-receptor-mediated conductance and the
cooperativity between coactivated dendritic spines (Gulledge et
al., 2012; Harnett et al., 2012). Our simultaneous recordings re-
veal that HCN channels control the amplitude and time course of
tuft-generated gEPSPs driven by AMPA and NMDA EPSGs, in-
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dicating that HCN channels limit the voltage-dependent recruit-
ment of the NMDA conductance. We suggest, therefore, that
when HCN channels are blocked, the threshold for the genera-
tion of NMDA-receptor-mediated synaptic nonlinearities in the
dendritic tuft is preserved because the influence that HCN chan-
nels have on the restingmembrane potential is balanced by influ-
ences on the membrane conductance, the local amplitude of
AMPA receptor-mediated EPSPs, and the voltage-dependent re-
cruitment of the NMDA conductance. Furthermore, we find that
gEPSPs driven by AMPA and NMDA conductance changes effi-
ciently evoke apical dendritic tuft and trunk spikes only when
HCN channels are pharmacologically blocked, a finding distinct
from their robust generation by ideal current (Larkum et al.,
1999;Williams and Stuart, 2000;Harnett et al., 2013).We suggest
that gEPSPs do not generate apical dendritic trunk or tuft
spikes under control conditions because of the concerted in-
fluences of HCN channels and the conductance load imparted
by the simulated synaptic conductance, injected directly to the
dendritic branch, which together prevent the regenerative ini-
tiation of dendritic spikes. Consistent with this, when HCN
channels were pharmacologically blocked and the membrane
potential restored to control values, apparent input resistance
was increased, the ideal current required to initiate dendritic
spikes was reduced and gEPSPs were capable of generating
dendritic spikes.
Previous work has demonstrated that HCN channels control
the excitability of the apical dendritic tuft (Tsay et al., 2007; Lar-
kum et al., 2009). In CA1 pyramidal neurons, optical imaging has
shown that the pharmacological or genetic reduction of HCN
channel activity augments the magnitude of synaptically evoked
apical dendritic tuft calcium electrogenesis (Tsay et al., 2007).
Mechanistically, it has been suggested for CA1 pyramidal neu-
rons that the inhibitory control of dendritic tuft excitability by
HCN channels is mediated by their influence on the membrane
potential, acting to constrain tuft calcium electrogenesis by de-
termining the availability of a low voltage-activated calcium con-
ductance (Tsay et al., 2007). Consistent with this idea, Tsay et al.
(2007) showed that membrane depolarization, evoked by raising
the extracellular potassium ion concentration, could act as a
proxy for HCN channel activity to annul the augmentation of
dendritic tuft calcium electrogenesis. Our direct recordings,
however, demonstrate that the augmentation of dendritic tuft
and trunk electrogenesis by the pharmacological blockade of
HCNchannels in layer 5B pyramidal neurons is not annulled, but
is instead further enhanced by repolarization of the membrane
potential by the injection of tonic DC current through apical
dendritic trunk and tuft recording electrodes. Furthermore, we
find that when HCN channels are blocked, repolarization of the
membrane potential at the base of the apical dendritic tuft (the
nexus) does not influence themagnitude of dendritic tuft branch
calcium electrogenesis evoked bymultisite glutamate uncaging in
the distal apical dendritic tuft. Notably, our simultaneous record-
ings predict that control of the membrane potential at the nexus
will powerfully influence the membrane potential at the site of
apical dendritic tuft glutamate uncaging because of the modest
(20%) nexus-to-tuft steady-state voltage attenuation apparent
when HCN channels are blocked (Fig. 3C,D). Therefore, in layer
5B pyramidal neurons, the calcium conductance that underlies
dendritic tuft branch calcium signaling and contributes to apical
dendritic trunk spikes is not significantly inactivated at the rest-
ing membrane potential, consistent with mediation by high-
threshold calcium channels (Pe´rez-Garci et al., 2013).
Subcellular control of neuronal excitability
Our results indicate that HCN channels have dual functional
roles in layer 5B pyramidal neurons. At distal apical dendritic
trunk and tuft sites, we find that HCN channels have predomi-
nately inhibitory actions, controlling the initiation and propaga-
tion of dendritic spikes. In contrast, at proximal apical dendritic
and somatic sites, HCN channels exert excitatory influences by
decreasing the threshold excitatory input required to evoke ac-
tion potential output. We suggest that such compartment-
specific differences arise as a consequence of the subcellular
distribution of HCN channels. At distal sites, a high density of
HCN channels controls the local apparent input resistance, time
constant, and voltage transfer to sculpt excitatory input. Our
results indicate that, despite the pronounced time- and voltage-
dependent deactivation of HCN channels bymembrane depolar-
ization (Williams and Stuart, 2000; Berger et al., 2001; Kole et al.,
2006; Kole et al., 2007), a sufficient fraction of HCN channels are
available, with reversal potential close to dendritic spike initiation
threshold, to control the regenerative recruitment of sodium,
calcium, and NMDA receptor channels and so the generation of
dendritic supralinearities (Larkum et al., 1999; Kole et al., 2007;
Atkinson andWilliams, 2009; Harnett et al., 2013; Pe´rez-Garci et
al., 2013). In contrast, at proximal apical dendritic trunk and
somatic sites, the low density of HCN channels (Williams and
Stuart, 2000; Berger et al., 2001; Kole et al., 2006; Kole et al., 2007)
have an excitatory role primarily mediated by the control of
membrane potential, an action that is supplemented by the im-
pact that the high density of HCN channels in distal apical den-
dritic compartments have on the membrane potential at
proximal sites. At proximal sites, however, the distributed con-
ductance imparted by HCN channels is relatively low because of
the low local HCN channel density and the ‘invisibility’ of the
conductance imparted by distal apical dendritic HCN channels,
an effect mediated by the significantly greater spatial compart-
mentalization of conductance in the dendritic arbor (Williams,
2004). Therefore, at proximal dendritic sites, the differential
compartmentalization of voltage and conductance favors excit-
atory actions mediated by the maintenance of a depolarized
membrane potential, whereas at distal sites, the high density of
HCN channels negatively regulates dendritic excitability. Consis-
tent with this idea, we reproduced both the inhibitory actions of
HCN channels on dendritic spike generation at distal apical den-
dritic sites and the widespread excitatory actions at proximal sites
simply by the generation of a point source excitatory leak con-
ductance at the apical dendritic nexus, with a reversal potential
identical to that of native HCN channels (Fig. 7). Such a dual
action of HCN channels is consistent with the local and global
effects of HCN channels on the temporal summation of synaptic
potentials revealed by computer simulation (Angelo et al., 2007).
Amixed excitatory and inhibitory action of HCN channels on
axosomatic synaptic integration has been previously docu-
mented in hippocampal pyramidal neurons (George et al., 2009).
In CA1 pyramidal neurons, somatic recordings have revealed
that when HCN channels are pharmacologically blocked, the
peak voltage obtained by small-amplitude electrically evoked EP-
SPs was diminished, but as the stimulus strength increased, the
peak voltage of EPSPs becomemore depolarized than under con-
trol conditions (George et al., 2009). Experimental findings and
computational modeling demonstrated that this effect is medi-
ated by the interaction of EPSPs with a low-voltage KV conduc-
tance, the M current (George et al., 2009), mediated by KV7
channels, which have a predominant axosomatic distribution
(Shah et al., 2008). Subsequent computational modeling has,
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however, questioned this interpretation (Migliore and Migliore,
2012). In the distal apical dendritic arbor of layer 5B neocortical
pyramidal neurons, we have recently reported a high density of
KV channels, with characteristics similar to IA and IKD (Harnett et
al., 2013), suggesting that HCN and KV conductances may inter-
act to control the initiation of dendritic spikes. The fast activation
kinetics, high voltage threshold (30 mV), and significant
voltage- and time-dependent inactivation of the apical dendritic
KV conductance are, however, ill suited to provide the necessary
KV conductance tomediate this action (see analysis of the impact
of alterations of theactivation kinetics and voltage dependence of
the KV conductance in George et al., 2009). Rather, our findings
indicate that the properties of the KV conductance in the distal
apical dendritic arbor of layer 5 pyramidal neurons is well suited
to influence the time course of dendritic spikes and the coupling
of axosomatic and apical dendritic integration compartments
through regenerative activity (Harnett et al., 2013).
In summary, we find that HCN channels are ideally distrib-
uted and tuned to control the interaction among the apical den-
dritic tuft, trunk, and axosomatic integration compartments in
layer 5B pyramidal neurons (Larkum et al., 1999;Williams, 2005;
Harnett et al., 2013), which shape correlation-based integrative
operations that underlie the integration of bottom-up intraco-
lumnar input and top-down corticocortical activity during be-
havior (Xu et al., 2012).
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